Early diagnosis of scapholunate interosseous ligament tears with distal radius fractures is likely important in treatment and outcome, but identification of these injuries has not been well explored. We asked whether there was a difference in the scapholunate interval between high-grade and low-grade tears of the scapholunate interosseous ligament in distal radius fractures, the best position of the wrists to identify any differences; we also asked what gap width accurately identified high-grade tears on fluoroscopic evaluation. We fluoroscopically evaluated the scapholunate gap in six different wrist positions and then performed arthroscopic examination in 45 distal radius fractures in 44 consecutive patients. The tears were classified as high-grade (Grade 3 or greater) or low-grade (Grade 2 or less) based on arthroscopic findings. We then compared the scapholunate gap measured on fluoroscopic images between the high-grade tear group and the lowgrade tear group and between the different positions of the same wrist. The scapholunate gap was wider in the high-grade tear group than in the low-grade tear group and wider in ulnar deviation than in radial deviation. A 2-mm scapholunate gap appeared the best cutoff point for the fluoroscopic diagnosis. We concluded fluoroscopic examination is a good test for identifying high-grade tears of the scapholunate interosseous ligament in distal radius fractures.
Introduction
A high incidence of intercarpal soft tissue injuries has been noted in association with distal radius fractures. Injury to the scapholunate interosseous ligament (SLIL) has been reported to occur in 16% to 40% of patients with distal radius fractures [9, 23, 25] , injury to the lunotriquetral ligament injury in 8.5% to 15% of patients [9, 25] , and injury to the triangular fibrocartilage complex in 39% to 43% [9, 25] .
The SLIL is one of the most important intercarpal ligaments. An isolated, complete tear of the SLIL results in scapholunate instability [19, 27, 28, 34] and in some patients leads to osteoarthritis of the wrist through a specific pattern, the so-called scapholunate advanced collapse wrist [33, 34] . Scapholunate interosseous ligament injury, when associated with distal radius fractures, causes progressive deterioration of the intercarpal relationship as well [6, 13, 30] . Patients with SLIL injury and associated distal radius fractures have worse wrist function than those with distal radius fracture alone [30] . Grade 3 SLIL injury associated with distal radius fractures results in increased scapholunate joint pain and scapholunate dissociation [6] .
Early recognition and proper management of SLIL injuries may be helpful in predicting and preventing development of the chronic wrist disabilities in distal radius fractures [36] .
Scapholunate interosseous ligament injuries can be diagnosed by various imaging modalities, including radiography, fluoroscopy, arthrography, MRI, and arthroscopy. Although wrist arthroscopy is the gold standard for evaluation of the scapholunate interval because it can directly evaluate the ligament and the scapholunate joint space [8] , it cannot be performed in all patients with distal radius fractures because of invasiveness and cost. Fluoroscopy may be more appropriate as the first imaging method of SLIL injuries in that it is noninvasive and inexpensive. However, specific diagnostic criteria for SLIL injuries have not been determined. Some previous studies have been performed for kinematic analysis or as an aid to arthrographic evaluation of the scapholunate joint [3, 10, 21, 24] .
We asked whether fluoroscopy could be used to identify differences in the scapholunate gap between high-grade and low-grade tears of the SLIL in distal radius fractures, what position of the wrist best identified any differences, and what gap width provided the highest accuracy on fluoroscopic evaluation in high-grade SLIL tears.
Materials and Methods
We fluoroscopically evaluated the scapholunate gap of 44 selected patients (45 fractures) with distal radius fractures in six different wrist positions in patients with distal radius fractures and then performed an arthroscopic examination. Wrists were classified as high-grade tear group (Grade 3 or greater in the system of Geissler et al. [9] ) or low-grade tear group (Grade 2 or less) according to arthroscopic finding. The scapholunate gap measured on fluoroscopic images was compared between the high-grade tear group and the low-grade tear group and between the different positions of the same wrist. The best cutoff point of the scapholunate gap was obtained using receiver operating characteristic (ROC) curve analysis. Prior approval was obtained from our Institutional Review Board, and informed consent for participation in the study was provided by all of the patients evaluated.
We saw 72 patients with distal radius fractures between March 2003 and May 2004. For this study, we included patients with distal radius fractures with dorsal angulation greater than 20°, radial shortening greater than 5 mm, or intraarticular fracture with stepoff or gap greater than 1 mm. Patients (n = 6) with a history of wrist sprain for more than 4 weeks were excluded to rule out those with old SLIL injuries. With these criteria, we enrolled 44 patients (13 men, 31 women; average age, 50 years) with 45 fractures. According to Frykman's classification [7] , two fractures were Type I, five were Type II, 14 were Type III, 11 were Type IV, one was Type V, two were Type VI, one was Type VII, and nine were Type VIII. For 35 intraarticular fractures, the average maximum displacement in the initial radiograph was 1.4 ± 1.2 mm and the average maximum gap displacement in the initial radiograph was 2.5 ± 2.0 mm. The average maximum displacement correlated (r = 0.47, p = 0.04) with increasing grades of SLIL tear whereas the average maximum gap displacement did not (r = 0.29, p = 0.23). There were two open fractures with pinpoint-sized wounds (Gustilo and Anderson Type 1 [11] ) on the volar-ulnar surface of the wrists. At the time of arthroscopy, SLIL injuries were classified (BCK) as described by Geissler et al. (Table 1 ) [2] . We considered wrists without injury and those with Grade 1 or 2 injury in the low-grade tear group and wrists with Grade 3 or 4 injury in the high-grade tear group. Our rationale for this classification was twofold. As the fluoroscopic diagnosis of SLIL injury is made by widening of the scapholunate joint space, low-grade tear of SLIL is not likely to be identified by fluoroscopy because by definition the scapholunate joint space cannot be widened with a probe or an arthroscope in this type of injury. However, high-grade tear of SLIL is likely to be identified by fluoroscopy as the scapholunate joint space can be widened with a probe or an arthroscope in this type of injury. Scapholunate diastasis is absent in all Grade 1 or 2 SLIL injuries associated with distal radius fractures whereas it is present in approximately ½ of Grade 3 and all Grade 4 SLIL injuries associated with distal radius fractures [16] . In addition, the clinical course of high-grade tear appears different from that of low-grade tear [22, 33, 34] . High-grade tear of the SLIL results in progressive deterioration of the wrist function [33, 34] whereas low-grade tear of SLIL does not [22] . To detect a mean difference of 0.5 mm in the scapholunate gap with 80% power, a sample size of 16 patients per treatment group was required. The low-grade tear group consisted of 18 females and eight males with an average age of 49.3 years (range, 22-85 years); 18 had injuries to the right wrist and eight to the left wrist. The high-grade tear group consisted of 12 females and six males with an average age of 50.5 years (range, 17-81 years); 10 had injuries to the right wrist and nine to the left wrist (one female patient had injuries to both wrists). Gender distribution and average age were similar (p [ 0.05) between groups. Nine wrists did not have SLIL injuries, whereas six had Grade 1, 11 had Grade 2, 17 had Grade 3, and two had Grade 4 injuries. All fluoroscopic and arthroscopic examinations were performed by one surgeon (BCK) during surgery. Fortythree fractures underwent closed or mini-open reduction and fixation of extraarticular fragments with Kirschner wires under fluoroscopic guidance. When closed reduction was inadequate, mini-open reduction was performed by making a 1-cm dorsal midline incision centered over the fracture site and elevating the unreduced fracture fragment with a freer elevator. No open reductions, in which the dorsal capsule of the wrist was opened, were performed. Two radial styloid fractures underwent closed reduction and temporary fixation with Kirschner wires; these were replaced with cannulated screws after fluoroscopic and arthroscopic examinations.
All fluoroscopic examinations were performed after closed or mini-open reduction and Kirschner wire fixation. Under the guidance of a fluoroscope (OEC 1 9800 Plus; GE Healthcare, Piscataway, NJ) and with the patient in the supine position, the forearm was pronated with the wrist in neutral deviation to determine the position in which the ulnar cortex of the scaphoid and the radial cortex of the lunate were sharply outlined in profile. Then, fluoroscopic images were taken at maximum magnification with the wrist in three positions: neutral, radial, and ulnar deviation. The magnification of the images, which was approximately three times, was provided by fluoroscopy and could be increased by lowering the position of the image intensifier with the C-arm set in an inverted position. Each fluoroscopic image included a 2-mm-wide Kirschner wire, which was placed on the ulnar side and between the palmar and dorsal surfaces of the wrist and used as a reference for later correction of magnification. The same procedure was performed in the forearm-supinated position, resulting in fluoroscopic images of a wrist in six different positions, ie, pronation ulnar deviation (PU), pronation neutral deviation (PN), pronation radial deviation (PR), supination ulnar deviation (SU), supination neutral deviation (SN), and supination radial deviation (SR). A true lateral image of each wrist, in which the volar cortex of the pisiform lay between the volar margins of the head of the capitate and the distal pole of the scaphoid (scaphoid-pisiform-capitate lateral), was acquired with the wrist in the neutral position [18] . All fluoroscopic images in all six positions were saved to a disk and later printed.
After fluoroscopic evaluation, standard arthroscopic examination of the radiocarpal and midcarpal joints was performed using a 1-mm-wide probe and a 2.7-mm-wide arthroscope [37] . Briefly, the wrist was suspended in a traction tower and 4.5 kg traction was applied. Traction with 4.5 kg did not displace previously fixed fracture fragments in any of our cases. A 3-4 and 4-5 portal was used to examine the radiocarpal joint. A midcarpal radial and midcarpal ulnar portal was used to examine the midcarpal joint. Intraarticular fragments were reduced and fixed during arthroscopic examination.
Two orthopaedic surgeons (BCK, HCA) measured each scapholunate gap on each of the six fluoroscopic images for each patient with electrical calipers (Mitutoyo, Kawasaki, Japan), which are accurate to 0.01 mm. A line was drawn from any point on the ulnar cortex of the scaphoid to any point on the radial cortex of the lunate (Line m, Fig. 1A ), a second line was drawn in the same fashion (Line n, The scapholunate angle in the lateral image of each wrist in the neutral position was measured by two orthopaedic surgeons (BCK, HCA) with a goniometer and using the tangential method [8] . The measured scapholunate gap was corrected for differences in magnification with the aid of a 2-mm-wide Kirschner wire using the following ratio: true scapholunate gap = measured scapholunate gap 9 true width of 2-mm Kirschner wire/measured width of 2-mm Kirschner wire. Our measurement of the scapholunate gap showed an intraobserver intraclass correlation coefficient of 0.86 (95% confidence interval [CI], 0.75-0.92) as computed by a one-way random intraclass correlation model and an interobserver intraclass correlation coefficient of 0.73 (95% CI, 0.6-0.86) as computed by a two-way random intraclass correlation model, which corresponded to high agreement and substantial agreement, respectively [5, 29] .
We used the Mann-Whitney U test to compare scapholunate gap in the same wrist position between the lowgrade and high-grade tear groups to determine whether there was a difference in scapholunate gap between two groups. We used the Wilcoxon signed rank test to compare scapholunate gaps between two different wrist positions, ie, ulnar deviation versus radial deviation, ulnar deviation versus neutral deviation, and radial deviation versus neutral deviation with the forearm in supinated and pronated positions, to identify the best position of the wrist for the fluoroscopic evaluation. To determine the optimum cutoff point, or the diagnostic criterion, of the scapholunate gap for fluoroscopic diagnosis of high-grade SLIL tear, a ROC curve was fitted to the fluoroscopic data with arthroscopic diagnosis (high-grade tear or low-grade tear) as the reference standard. The cutoff value at the left upper corner of each curve, indicative of optimum threshold, was calculated, as well as the area under the curve, which is indicative of diagnostic accuracy. The sensitivity and specificity of fluoroscopic examination were calculated using this cutoff value. The association between the scapholunate gap and the grade of injury was analyzed using Spearman rank correlation. We used SPSS 11.0 software (SPSS Inc, Chicago, IL).
Results
The scapholunate gap in the high-grade tear group was wider than that in the low-grade tear group in all the tested positions (p = 0.001 in PR, p \ 0.001 in PN, p = 0.008 in PU, p \ 0.001 in SR, p \ 0.001 in SN, and p \ 0.001 in SU; Table 2 ). The scapholunate gap became wider (q = 0.61; p \ 0.001) as grade of injury increased (Table 3 ).
In the low-grade tear group, the average scapholunate gap in all wrist positions was less than 2 mm. The scapholunate gap was widest in ulnar deviation and narrowest in radial deviation ( Table 2 ). The scapholunate gap was larger in ulnar deviation than in radial deviation when the forearm was supinated (p = 0.009) and pronated (p = 0.001). We found no difference between neutral deviation and ulnar deviation ( Table 4 ).
In the high-grade tear group, the average scapholunate gap in all wrist positions was greater than 2 mm ( Table 2 ). The scapholunate gap was widest in ulnar deviation and narrowest in radial deviation. The scapholunate gap was larger in ulnar deviation than in radial deviation when the Values are mean ± standard deviation; PR = pronation radial deviation; PN = pronation neutral; PU = pronation ulnar deviation; SR = supination radial deviation; SN = supination neutral; SU = supination ulnar deviation.
forearm was supinated (p = 0.021) and pronated (p = 0.019) but not different with neutral and ulnar deviation ( Table 4 ). The mean scapholunate angle in the lateral position of the wrists was similar (p = 0.3) in the high-grade and lowgrade tear groups (48°± 4.3°and 50°± 3.8°, respectively). All scapholunate angles were within the normal range, except for that of one patient with a Grade 4 injury who had a scapholunate angle of 75°.
Diagnosis of high-grade tear by fluoroscopy was accurate according to ROC curve analysis, with the area under the curve ranging from 0.79 to 0.87. The diagnostic accuracy of fluoroscopy was similar with the six different wrist positions ( Fig. 2 ; Table 5 ). The scapholunate gap at the left upper corner of each curve was 2.0 mm in PR, 2.0 mm in PU, 2.2 mm in PN, 2.1 mm in SR, 2.0 mm in SU, and 2.0 mm in SN ( Fig. 2 ; Table 5 ). Using a 2-mm scapholunate gap as the cutoff point, the sensitivity and specificity of fluoroscopy were 94.7% and 76.9% in PU, 63.2% and 88.5% in PR, 78.9% and 61.5% in PN, 78.9% and 57.8% in SU, 68.4% and 80.8% in SR, and 84.2% and 80.8% in SN.
Discussion
High-grade SLIL tear associated with distal radius fractures is not rare [9, 16, 23, 25] and is likely to result in progressive deterioration of wrist function with increasing wrist pain [6, 13, 30] . Arthroscopy, which is the gold standard for the diagnosis, may not be readily available depending on the condition of the institution, the surgeon, or the insurance, whereas fluoroscopy is widely available, easy to use, and inexpensive. However, fluoroscopy has never been studied for diagnosis of SLIL injury associated with distal radius fractures. We evaluated the value of fluoroscopy in the diagnosis of SLIL injury associated with distal radius fractures, with the following specific questions: (1) was there a difference in scapholunate gap between high-grade and low-grade SLIL tears associated with distal radius fractures by fluoroscopy; (2) what was the best position of the wrist for fluoroscopic evaluation; and (3) what was the diagnostic criterion of high-grade SLIL tears that provides the highest accuracy on fluoroscopic evaluation.
Our study had several limitations. First, although the scapholunate gap was wider in the high-grade tear group, the difference was so small that magnification by the fluoroscope was required. The necessity for precise measurement tools and the somewhat complex measurement method therefore may limit the clinical applicability of this method. In addition, we did not measure the normal contralateral wrist. A wide scapholunate gap may be a normal variant, which could have been confirmed by comparison with the contralateral wrist [31] . Third, although we made efforts to exclude chronic, preexisting SLIL tear by history and arthroscopic findings, the differentiation between acute SLIL tear and chronic SLIL tear was unclear so we could Values are mean ± standard deviation; PR = pronation radial deviation; PN = pronation neutral; PU = pronation ulnar deviation; SR = supination radial deviation; SN = supination neutral; SU = supination ulnar deviation. Values are mean ± standard deviation; PN = pronation neutral; PR = pronation radial deviation; PU = pronation ulnar deviation; SN = supination neutral; SR = supination radial deviation; SU = supination ulnar deviation.
not exclude the possibility of including patients with chronic SLIL tear or SLIL laxity in our analysis. To our knowledge, clear definitions of acute SLIL tear, chronic SLIL tear, and SLIL laxity in the setting of distal radius fractures have not been made. Additional studies are required to differentiate these injuries in distal radius fractures. Finally, we assessed only SLIL injuries associated with distal radius fractures, making it unclear whether our results can be applied to other types of SLIL injury. Our data suggest fluoroscopy accurately detects highgrade tears in the SLIL and a 2-mm gap was a suitable cutoff value for diagnosing high-grade tears of this ligament in patients with distal radius fractures. Previous studies have reported the criteria for abnormal widening of the scapholunate joint as varying from 2 mm to 5 mm using plain radiographs [1, 4, 12, 14, 20] . None of these studies described the measurement method in detail. The different criteria and lack of specific measurement methods stem from the anatomic characteristics of the scapholunate joint. First, the scapholunate joint is oriented obliquely, 12.5°to the volar surface of the distal radius [12] . This makes conventional posteroanterior projection of the wrist unable to obtain a perfect profile image of the scapholunate by which true width of the scapholunate joint can be observed. Second, the proximoulnar side of the scaphoid is round, making it difficult to specify a location for reproducible measurements. Third, the two cortices of the scapholunate joint are not always parallel. Fifteen percent of normal adult wrists show an inverted Y-shaped scapholunate joint [26] . When the two cortices are not parallel, the magnitude of the scapholunate gap varies depending on which part of the scapholunate joint was measured, proximal or distal. It also changes according to the method of measurement. In the inverted Y-shaped scapholunate joint, the gap line drawn vertical to the flat ulnar cortex of the scaphoid (Line S 0 , Fig. 3 ) is longer than the line drawn by the method used in this study (Line S, Fig. 3 ). The former method may lead to an inadvertently wider measurement of the scapholunate gap.
We made efforts to avoid these biases. For example, a perfect profile image of the scapholunate joint was obtained by fluoroscopic control. Because the middle portion of the scapholunate joint showed the most consistent and narrowest scapholunate gap and the least measurement variance, the gap was measured at the midportion of the flat surface of the ulnar cortex of the scaphoid [26] . A complex method of measurement, which included drawing a line bisecting the scapholunate joint and a scapholunate gap line vertical to it, was devised to make the measurement more consistent regardless of the shape of the joint. In the high-grade tear group, the scapholunate angle in lateral projection was within the normal range, except for that of one patient with a Grade 4 injury, a finding in agreement with those of other studies (Table 6 ) [9, 35] . A normal scapholunate angle has been reported in patients with Grade 3 SLIL injury associated with distal radius fractures [9] and in patients with complete tear of the SLIL [35] . In biomechanical studies, a complete tear of the ligament with intact secondary stabilizers of the scapholunate joint did not result in radiographic abnormality such as increased scapholunate angle or widened scapholunate gap [2, 15, 19, 27, 28] . Radiographic abnormality was observed only under a loaded condition [15, 19] . We suspect most of the patients with a high-grade tear of the SLIL associated with distal radius fractures have a partial tear or complete tear of the SLIL with intact secondary stabilizers, so-called predynamic or dynamic instability [32] .
The scapholunate gap in the high-grade tear group was larger than that in the low-grade tear group and was positively associated with arthroscopic grading of the SLIL injury. The gap difference between groups or grades, however, was less than 1 mm, a magnitude requiring image magnification and precise measurement tools to detect accurately. This may explain why some previous biomechanical studies failed to detect gap widening in wrists with completely torn SLILs if the secondary stabilizers were intact [2, 14, 19] . Other studies, however, have observed gap widening in wrists with partial or complete tears using more precise measurement tools [15, 27] .
We found the scapholunate gap was wider with the wrist in ulnar or neutral deviation than in radial deviation in the low-grade and the high-grade tear groups. This was seen in other studies [15, 28] . When assessing the scapholunate joint with a fluoroscope, the degree of SLIL injury may be best evaluated in ulnar or neutral deviation.
The ROC curve of a test with better detectability is always closer to the left and upper border of the graph and area under the curve is wider [17] . Therefore area under the ROC curve is used as an index of diagnostic detectability of a test [17] . The cutoff point at the left upper corner of the ROC curve is where the best tradeoff between sensitivity and specificity occurs. We found the optimal cutoff value was 2 mm.
Our data suggest fluoroscopic examination can accurately diagnose high-grade tears of the SLIL in distal radius fractures. Fig. 3 The magnitude of the measured scapholunate gap differs according to the measurement methods when the two cortices of the scapholunate joint are not parallel. Line S is the line drawn vertical to Line l (the line bisecting the scapholunate joint) from Point A (the point in the middle of the flat surface of the ulnar cortex of the scaphoid). Line S 0 is the line drawn vertical to ulnar cortex of scaphoid from Point A. When the scapholunate joint has an inverted Y-shape, like the one in this figure, Line S 0 is longer than Line S. When both cortices of the scapholunate joint are parallel, the length of Line S 0 is the same as that of Line S. 
